ABSTRACT: Introduction: Neuralgic amyotrophy (NA) can often be difficult to diagnose. Nerve ultrasound (US) is potentially useful, but it is operator-dependent, especially for small nerves. Methods: Fifty-one consecutive patients with NA (mean duration 16 months) and 50 control subjects underwent US of the brachial plexus and major nerves of the upper extremity at predefined sites. We compared cross-sectional areas (CSAs) of affected and unaffected sides with controls and sides within patients. Results: The median nerve and radial nerve at the level of the upper arm were enlarged on the affected sides compared with controls and the unaffected sides of patients. Enlargement was most pronounced for affected sides vs. controls (median 44%, radial 67%). Discussion: NA patients showed increased CSAs, especially in the major nerves of the upper limb, even after longer disease duration. This could make US a useful adjunct in diagnosing NA.
Neuralgic amyotrophy (NA) is a painful peripheral nerve disorder that can be a challenge to diagnose. In theory, the clinical course of NA, with an acute onset of often excruciating pain, more pronounced at night, followed by paresis of predominantly proximal muscles of the upper extremity, seems distinctive. 1 However, in practice, the pain is often misinterpreted as a musculoskeletal problem and missed until atrophy of affected muscles or scapular winging becomes visible some weeks later. 2 Diagnostic certainty for NA is further hampered due to the lack of a confirmatory "litmus" test. The typical clinical history and neurologic examination should raise suspicion of NA, but ancillary tests, such as MRI, serve mainly to exclude cervical radiculopathy when symptoms suggest that diagnosis. Serology and cerebrospinal fluid examination can exclude a direct infectious cause, such as Borrelia or HIV, when necessary. 3 Electrodiagnostic testing may support the diagnosis by showing axonal damage, but this has limited specificity and is prone to sampling error. 3 More recently, some efforts have been aimed at diagnosing NA by means of nerve imaging with ultrasound (US) and MRI. Nerve US has demonstrated both swelling of affected nerves and focal constrictions of the affected nerves or plexus, 4, 5 whereas MR neurography showed abnormalities most commonly outside the brachial plexus proper, with focal intrinsic constrictions in 85% of nerves studied. 6 An obstacle to the widespread use of nerve US, however, is that it is highly examiner-dependent, 7 especially for the assessment of the small nerves frequently clinically affected in NA, such as the long thoracic or suprascapular nerve. As US scanning of these nerves is not a routine matter for most radiologists or neurologists, knowledge about whether there are also detectable changes in larger nerves or cervical roots would be helpful. The aim of this study was therefore to investigate whether the brachial plexus and the peripheral nerves are enlarged, and/or show increased perfusion indicative of peripheral nervous system inflammation, in patients with NA.
METHODS
This study was approved by the local ethics committee of the Radboud University Medical Centre, The Netherlands. All patients and healthy subjects gave informed consent.
Subjects. NA patients were recruited through our outpatient clinic for NA. Inclusion criteria for patients were age ≥18 years and a clinical diagnosis established by standardized NA criteria. 8 Healthy adults were recruited from staff and students of our medical center and through personal contacts and comprised the control group. Patients and subjects with other neurologic disorders of the upper extremity were excluded. Because of the exploratory nature of the study, we did not seek to compare US findings to clinical or electrodiagnostic data in this cohort.
Equipment.
A US device (IU22; Philips, Amsterdam, Netherlands) with a 5-17-MHZ broadband linear probe was used for the measurements of the 51 healthy subjects and 33 patients. Due to mechanical problems with the Philips system, we used a different US device (Zonare One; Zonare, Mountain View, California) for 2 patients, with a linear 10-5-MHZ probe, and yet another US device (MyLab Twice; Esaote, Genova, Italy) for the final 15 patients, with a linear 5-18-MHZ probe.
US Protocol. Study participants underwent a standardized sonographic protocol assessing transverse images of the brachial plexus at different anatomic levels, including the C5, C6, and C7 roots at the foraminal exit and the trunks at the interscalene level and supraclavicular level, as described by van Geffen et al. 9 The infraclavicular and axillary regions were not included. At the level of the arm, the major nerves of the upper extremity were scanned from proximal upper arm to wrist and standard transverse images were taken at the midhumerus level (radial distal to the spiral groove and median and ulnar nerves), and ulnar and median nerve also at the forearm-with the site defined as half the distance between the cubital crease and the wrist. In addition, when abnormalities were noted at other sites during scanning, a separate image was taken from the site as well. A transverse crosssectional area (CSA) was measured at all captured sites, paying particular attention to optimal short-axis probe positioning. We used the "ellipse" caliper tool on the US device to measure the CSA (in mm 2 ) online to determine nerve size, tracing within the hyperechoic epineurial rim. If this tool was not sufficient (i.e., when the outline of the nerve was irregular), we used the "continuous trace" tool to measure the CSA. For the brachial plexus in the supraclavicular area, CSA was determined by following the method described by Haun et al., 10 tracing within the outer epineurial rim of the complete "bunch of grapes" structure, even though this means including a significant amount of non-nerve connective tissue and, in some cases, vascular structures. We did not systematically assess longitudinal images or fascicular abnormalities. Intraneural vascularization was determined online at all assessed sites. It was rated as present or absent, defined as detectable intraneural power Doppler signal at standard system settings. In the patients, both sides were assessed, whereas, in the control subjects, only the left side was examined due to limited time resources.
Statistical Analysis. Statistical analysis was performed using SPSS version 19.0 for Macintosh (IBM SPSS, Armonk, New York). Demographic characteristics are presented as mean ± standard deviation (SD) for metric variables and as number and percent for dichotomous variables. The mean ± SD was calculated for each of the sites assessed. Patients and controls were compared using the t-test for independent variables and paired t-test for comparison of affected and unaffected sides in patients. P < 0.05 was considered statistically significant. In the case of a significant difference on the t-test, an additional multivariate linear regression analysis was performed, correcting for the confounders age, height, and body mass index (BMI).
RESULTS
Demographics and Characteristics. Fifty patients and 51 controls were included in the study. Average disease duration in patients at time of consultation was 16 ± 13 (range 3-72) months. In 25 patients (50%) NA affected the right upper extremity, in 16 (32%) it affected the left side, and in 9 (18%) there was bilateral disease. Idiopathic NA was diagnosed in 47 patients and hereditary NA in 3 patients. Compared with patients, controls were more often female, on average 7 years younger, and had a lower BMI compared with the patients. Height did not differ significantly (Table 1) .
Comparison of Nerve CSA. Detailed data and corresponding P-values are presented in Table 2 . Comparison of affected sides of patients with healthy subjects revealed a significant enlargement of CSA in patients for the C5-C7 nerve roots, the median nerve at the upper arm level, and the radial nerve at the upper arm level. No differences in CSA could be detected for the interscalene or supraclavicular total area of the plexus. As in controls, only left sides were assessed. We further compared only affected left sides (n = 25) with left sides of controls (n = 51), which led to the same significant differences with the exception of the C5 root.
Comparing affected and unaffected sides in patients showed less pronounced, but significantly different CSAs between C6 roots, the plexus at interscalene and supraclavicular levels, and, again, the median and radial nerves at the upper arm level. All differences just described remained significant after correction for age, BMI, and height in the multivariate analyses.
Finally, the unaffected side in patients was compared with controls. The C5 root revealed a discrete, yet significant enlargement in patients. The same, with a more robust difference, applied to the median nerve at the upper arm level and the radial nerve at the upper arm level. No significant difference could be detected for the ulnar nerve.
No significant difference was found for either the median nerve or ulnar nerve in the forearm between affected and unaffected arms, nor between patients and healthy subjects. Hypervascularization was not present in any of the assessed nerves. Examples of ultrasound findings are shown in Figures 1 and 2 .
DISCUSSION
We found an increased CSA of the median and radial nerve at level of the upper arm, with an average increase of 3.1 mm 2 , or a 44% size increase of the affected median nerve when comparing patients with healthy subjects, and an average increase of 2.7 mm 2 , or a 67% size increase for the affected radial nerve in patients compared with healthy subjects. Unexpectedly, this pattern of nerve enlargement was also visible when comparing the clinically unaffected sides from patients vs. healthy subjects.
Clinically, involvement of the median and radial nerve was found in 30% and 43%, respectively, of NA patients and is therefore not uncommon. 2 Involvement of the median nerve in NA is known to commonly present as an anterior interosseous nerve syndrome. 1 One previous imaging study using magnetic resonance neurography in such patients revealed T2-hyperintense lesions of individual fascicles of the median nerve in the middle-upper arm, showing that symptoms were not caused by entrapment of the AIN in the pronator teres muscle, but were compatible with an inflammatory pathology at a more proximal site. 11 In a previous publication we also presented 2 patients with very similar findings on nerve US, showing a circumscribed swelling of singular fascicles proximal to the elbow. 5 The results of both these studies are in line with the pattern that emerged from our current results. The differences found between the clinically unaffected side in patients and control nerves leads to a new hypothesis: There seems to be change in nerve appearance even on the clinically unaffected sides in NA patients, presenting as an increased CSA of the median or radial nerve. The inflammatory process in NA may be more diffuse than previously believed but different in severity between the individual's nerves or nerve fascicles, so only a few nerves as a whole show up larger than normal on US. A similar observation was made by Aranyi et al., who examined 14 patients with NA and observed enlargement of nerves or single fascicles in clinically unaffected nerves. 4 Compared with the arm nerves, a less pronounced enlargement was found in the cervical C5-C7 roots of patients, with an average size increase of 16%-28%. The enlargement at the C6 level (28% size increase vs. controls) seems of potential diagnostic relevance, and fits the clinical observation that NA often affects the upper trunk. 2 It also fits the earlier P-values are given for multivariate linear regression analysis. max = maximum; NA = not analyzed because no there was no significance in t-test, a-c = comparison between affected sides in patients and controls, u-c = comparison between unaffected sides in patients and controls, and a-u = comparison between affected and unaffected sides in patients.
1 Data expressed as mean ± standard deviation.
2 Difference was not significant after correction for age, BMI, and height in multivariate analysis. ) and C6 (crosssectional area 15 mm 2 , upper limit normal 13 mm 2 ) roots at interscalene level. suggestion by Won and co-workers 12 that around 20% of side-to-side difference of cervical roots can be accepted in individuals without relevant symptoms, but when the swelling is ≥30% it requires further assessment. The plexus as a whole at interscalene and supraclavicular levels showed a significant enlargement when comparing affected vs. unaffected sides in patients. However, we interpret these findings with caution, as there was no enlargement compared with controls in this section.
The amount of swelling in the median nerve is similar to that observed in patients with early-stage Guillain-Barré syndrome. 13 For the radial nerve, no similar observations have been reported so far. As there have been recent efforts to use US to aid in the diagnosis of inflammatory polyneuropathies by developing scoring systems, [14] [15] [16] such systems may also be useful for NA. The ulnar nerve did not show any alterations in CSA. This was not unexpected, as involvement of the ulnar nerve is rare in NA, and lower trunk involvement occurs in only 10% of cases. 2 It is not yet understood why these nerves are less often involved. 3 One hypothesis is that the lower trunk and ulnar nerve are much less vulnerable to mechanical stress during everyday use at their proximal level, which makes it less likely that the blood-nerve barrier is compromised in a manner that permits initiation of an autoimmune process in the peripheral nervous system at this point. From our study we can only conclude that there is also no indication of subclinical involvement of the ulnar nerve or caudal plexus.
Hypervascularization was not found in any of the nerves assessed. It is currently believed to be a US marker for ongoing inflammation and has been described in a study in 6 of 11 patients with chronic inflammatory demyelinating polyneuropathy, 17 as well as being present in up to nearly 50% of patients with compression syndromes. 18 The fact that we could not document any hypervascularization in this unselected population most likely reflects the long duration from onset (16 months, on average). That is, the imaging occurred long after the acute inflammatory event in NA is likely to have resolved. This finding also suggests that ongoing overt nerve inflammation is not a classic feature of NA. It remains uncertain what is signified pathophysiologically by the nerve swelling seen in the NA patients. It may be a sign of indolent pathology, or it may just be a remnant of the axonal and perineurial damage done by NA, with increased connective tissue (i.e., scarring) as a repair mechanism. Our study was not designed to correlate the US findings with other determinants of patient status, so we remain unaware of the extent to which swelling correlates with clinical parameters or has any predictive value for functional outcome. Several recent studies have described partial or complete constriction or torsion of nerves in NA. 4, 19 We did not encounter either of these findings in our population, which we believe is due to the fact that our data collection started before these phenomena were first described, so we did not look for them specifically. In addition, we did not examine the nerves along their entire length, making it more likely that we missed these abnormalities. In the future, focal constrictions should be sought more specifically, as it has become apparent that they have an impact on prognosis for nerve recovery. 4 Gruber et al. 20 suggested in a recent study that the suprascapular nerve could be used as a surrogate marker for diagnosing NA. They found good sensitivity and specificity with a cut-off CSA value for this nerve of 4.2 mm 2 . Unfortunately, they did not describe the duration of symptoms or in how many patients the suprascapular nerve was affected. However, the finding of one or a few nerves that can be measured in a standardized fashion that obviates lengthy operator training, and that provide good sensitivity and specificity, would be very useful in NA. Prospective studies should be aimed at finding the optimal scan protocol for this disorder. Based on our results in the context of already available evidence we suggest including at least the cervical roots, suprascapular nerve, and median and radial nerves of the upper arm.
Our study has some limitations. First, due to time constraints, volunteers were measured only on the left, which may mean that the reference values collected may not be appropriate for the right upper extremity, although, so far there have been no reports describing a difference between the dominant and non-dominant sides. 21, 22 Second, patients and controls were not fully matched in terms of age and sex, although this seemed to have a minor impact on our findings. In accordance with the study design, we also did not include comparisons with clinical or electrodiagnostic data in this cohort. Further, we did not specifically look for focal constrictions or torsion as we only scanned at predefined sites, and thus we may have missed some pathologic alterations.
In conclusion, our study has shown structural changes in the upper extremity nerve architecture in NA patients. The next step would be to prospectively assess these findings in NA and correlate them with disease duration, clinical and electrodiagnostic findings, and outcome. This would provide the necessary information on the diagnostic and possibly prognostic value of the method in a clinical context. Ethical Publication Statement: We confirm that we have read the Journal's position on issues involved in ethical publication and affirm that this report is consistent with those guidelines.
